abundance of synapsins suggests that they are not stably bound to any particular vesicle protein since few Introduction other vesicle proteins are present at similarly high levels. Instead, the most plausible hypothesis is that synapsins Synapsins are abundant brain proteins that were discovare targeted to vesicles by a dynamic mechanism so ered by Greengard and colleagues because of their strikthat, once they are on the vesicles, synapsins become ing phosphorylation by cAMP-dependent protein kinase attached by a nonspecific mechanism. Interestingly, sy- conditions. These facts suggest that the modulation of
release by synapsins involves a common phosphorylareactivity with the two antibodies by immunoblotting (Figure 1 ). The phospho-synapsin antibody reacted simition event. The N-terminal synapsin phosphorylation site for PKA and CaM Kinase I is the only phosphorylation larly with phosphorylated synapsins Ia, IIa, and IIIa, as would be expected from the homology between their A site that is present in all synapsins and thus is a prime candidate for such a modulatory function. However, no domains ( Figure 1A) . However, the phospho-synapsin antibody exhibited no reactivity with dephosphorylated function for this phosphorylation site is known, and no shared phosphorylation-dependent property of synapsynapsins, while the pan-synapsin antibody reacted equally with phosphorylated and dephosphorylated sins has been found. In the current study, we identify an unexpected biological role for the N-terminal phossynapsins ( Figure 1B , lanes 2-4 versus lanes 5-7). Thus, the phospho-synapsin antibody is phospho-specific, phorylation site by demonstrating that the A domain of synapsins constitutes a phospholipid-binding domain while the pan-synapsin antibody does not discriminate between phospho-and dephospho-synapsins. Although whose activity is regulated by phosphorylation.
both the pan-synapsin and the phospho-synapsin antibody recognized synapsin IIIa as strongly as the other Results synapsins, no synapsin IIIa was detected in brain homogenates because of the relatively low abundance of Generation of Phospho-Specific Synapsin Antibodies To examine the function of the PKA-dependent phosthis isoform ( Figure 1B , lane 8) (Hosaka and Sü dhof, 1999) . phorylation site of the synapsin A domain, we generated an antibody against a phospho-peptide from the A domain. We affinity purified the phospho-peptide antibody Synapsins Dissociate from Synaptic Vesicles as a Function of A Domain Phosphorylation and compared its specificity with that of a pan-synapsin antibody raised against a nonphosphorylated peptide Using the phospho-specific antibody, we investigated whether the distribution of phosphorylated synapsins from the A domain. For this purpose, we expressed synapsins Ia, IIa, and IIIa in COS cells, phosphorylated differs from that of total synapsins in nerve terminals. We lysed synaptosomes hypotonically, separated them or dephosphorylated them in vitro, and evaluated their Control synaptosomes or synaptosomes treated for 2 min with 1 M okadaic acid were lysed hypotonically and separated into particulate and soluble fractions by high-speed centrifugation. Equivalent amounts of each fraction were analyzed by immunoblotting with pan-synapsin (top) or phospho-synapsin (second panel) antibodies. In addition, fractions were probed with antibodies to synaptogyrin and synaptotagmin as synaptic vesicle protein controls, and complexins and GDI as cytosolic protein controls. Synapsin and complexin isoforms are identified on the left. In the synaptotagmin blot, the arrow indicates the position of the intact protein, and the asterisk the major breakdown product. Note that synapsin IIIa is of such low abundance (Ͻ2% of synapsin I) that it is not visible on these blots in spite of its reactivity with the pan-and phospho-synapsin antibodies (Figure 1) .
into soluble (cytosolic) and particulate (membrane) fracfrom synaptic vesicles. It has been suggested that in synapsin II, the A domain may mediate its binding to tions by high-speed centrifugation, and analyzed the resulting samples (Figure 2, lanes 1-4) . Furthermore, when we tested if okadaic treatment of the synaptosomes solubilizes the cytoskelever, virtually all of the phospho-synapsins were soluble; almost no phospho-synapsins were associated with eton, we found that even prolonged application of okadaic acid to synaptosomes (60 min) had no effect on synaptic vesicles in the particulate fraction. The minor amount of phospho-synapsins in the particulate fracthe cytoskeleleton (Figure 3) . Synapsins, by contrast, were completely solubilized at this point, suggesting tions may be due to trapping of soluble proteins in the synaptosomes when they reseal after hypoosmotic lythat the phosphorylation abolishes binding of synapsins to the synaptic vesicle membrane, not the cytoskeleton. sis, as is evident from the presence of small amounts of the hydrophilic control proteins GDP dissociation inhibitory (GDI) and complexins in the pellets (Figure 2 I-labeled secondary antibodies. In untreated synaptosomes, the levels of phospho-synapsins sumably because it interferes with the normal turnover of phosphorylated proteins (Lonart and Sü dhof, 1998).
were low. Only 10%-15% of total synapsins but virtually all of the phospho-synapsin (Ͼ90%) was soluble ( Figure  As A substitution in the phosphorylaa manner controlled by phosphorylation of their A domains. To confirm these observations in vivo, we genertion site (Figure 9 ). Even at rest, the mutant synapsin was quantitatively membrane bound, similar to endogenous ated transgenic mice that express a wild-type or mutant synapsin under control of the neuron-specific enolase synapsins in staurosporine-treated synaptosomes (Figure 4) .
As expected, no phosphorylation of mutant (NSE) promoter (Race et al., 1995). Synapsin IIa was chosen for these transgenic experiments because it
synapsin IIa was detectable with the phospho-specific antibody. These data demonstrate that the N-terminal contains no other known phosphorylation sites besides the N-terminal A domain site. For mutant synapsin IIa, phosphorylation site of synapsins is essential for the phosphorylation-dependent dissociation of synapsins one particular mutation (the S 10 A substitution in the N-terminal phosphorylation site) was selected because from synaptic vesicles. in the phospholipid-binding assays, this mutation made the A domain insensitive to phosphorylation without Discussion changing its binding activity (see Figure 7) . We produced the transgenic mice on the background of knockout Synapsins are among the most studied and most enigmatic neuronal proteins. As abundant peripheral memmice that lack expression of synapsins I and II in order to eliminate any interference from endogenous synapsins. brane proteins, they coat synaptic vesicles (De Camilli et al., 1983; Huttner et al., 1983). They are essential for Two independent mouse lines were generated for wildtype and mutant synapsin IIa in order to avoid linethe normal regulation of neurotransmitter release but not for release as such (Rosahl et al., 1995) . One of the specific artifacts. 
tion of synapsins from synaptic vesicles correlates with
CaM Kinase I activity will modulate the amount of synapthe general activation of synaptic nerve terminals that sin on synaptic vesicles. As a result, synapsins can be is typically observed during events of synaptic plasticity. envisioned as constantly coming on and off vesicles. Since synaptic plasticity is impaired in synapsin knockHowever, a major question that emerges from these out mice, these findings establish a direct link between studies is how synapsins are specifically targeted to phosphorylation and the phenotype of the knockouts synaptic vesicles. The phospholipid binding by the A (Rosahl et al., 1995) . Second, the dissociation of synapdomain can only serve to keep synapsins on the vesicles sins appears to be unrelated to exocytosis as such.
after a specific targeting protein has placed them there. This conclusion is based on the observation that two This phospholipid-binding activity cannot actually target secretagogs (KCl depolarization and hypertonic susynapsins to synaptic vesicles because there is little crose) that stimulate the exocytosis of the same pool specificity in the phospholipid-binding reaction ( Figure  of vesicles (Lonart et al., 1998) exert different effects on 6). In previous studies, it was shown that the ABC dosynapsins. KCl depolarization, which triggers calcium mains of synapsins are sufficient to target them to syninflux into nerve terminals, causes dissociation, while aptic vesicles, as would be expected from the fact that sucrose does not. The conclusion that synapsin dissocithese are the only domains shared by synapsins (Gepation is not directly involved in exocytosis is also suppert et al., 1994). It seems clear that synapsin targeting ported by the finding that ␣-latrotoxin triggers exoto synaptic vesicles should involve a specific protein, cytosis but not synapsin dissociation, leading to the but the nature of this protein and its mechanism of action incorporation of synapsin into the presynaptic plasma remain unknown. membrane (Torri-Tarelli et al., 1990). Third, the regulated dissociation of synapsins provides a rationale for the 
